The freeze-out of dark matter (DM) depends on the evolution of the DM temperature. The DM temperature does not have to follow the standard model one, when the elastic scattering is not sufficient to maintain the kinetic equilibrium. We study the temperature evolution of the semiannihilating DM, where a pair of the DM particles annihilate into one DM particle and another particle coupled to the standard model sector. We find that the kinetic equilibrium is maintained solely via semi-annihilation until the last stage of the freeze-out. After the freeze-out, semi-annihilation converts the mass deficit to the kinetic energy of DM, which leads to non-trivial evolution of the DM temperature. We argue that the DM temperature redshifts like radiation as long as the DM self-interaction is efficient. We dub this novel temperature evolution as self-heating. Notably, the structure formation is suppressed at subgalactic scales like keV-scale warm DM but with GeV-scale self-heating DM if the self-heating lasts roughly until the matter-radiation equality. The long duration of the self-heating requires the large self-scattering cross section, which in turn flattens the DM density profile in inner halos. Consequently, self-heating DM can be a unified solution to apparent failures of cold DM to reproduce the observed subgalactic scale structure of the Universe.
Introduction -Particle dark matter (DM) is a fascinating possibility since it indicates new physics beyond the standard model (SM). Such new physics should provide a mechanism that stabilizes a DM particle at least over the age of the Universe. A simple approach is to introduce a Z 2 symmetry under which the SM particles and the DM particle have even and odd parity, respectively. The Z 2 symmetry allows the DM particles to pair-annihilate into SM particles. The observed DM mass density is reproduced when the pair-annihilation cross section is around the electroweak scale. Known as the weakly interacting massive particle (WIMP), such an electroweakscale DM candidate can be embedded in well-motivated new physics such as supersymmetry. However, despite the extensive efforts so far, no signal of WIMP has been found [1, 2] . In light of this situation, it appears plausible to revisit the longevity of a DM particle and associated symmetries beyond Z 2 .
Other symmetries, such as Z 3 and SU(N ), can also guarantee the stability of a DM particle. In the Z 3 case, the DM relic abundance can be determined by semiannihilation [3] [4] [5] [6] ,
where χ represents the DM particles and φ is a particle coupled to the SM sector. One may consider dark meson states in a hidden confining sector as DM. Their stability is protected by a flavor SU(N ) symmetry. This is called the strongly interacting massive particle (SIMP). Their relic abundance is determined by the 3 → 2 process [7] [8] [9] . In these cases, the elastic scattering of a DM particle with a SM one is not directly related with semi-annihilation or the 3 → 2 process. 1 When the elastic scattering is inefficient, the DM temperature is not equilibrated with the SM one; i.e., the kinetic equilibrium is not maintained. On the other hand, the relic abundance heavily depends on the evolution of the DM temperature. In the SIMP scenario, if the DM sector is isolated from the SM sector, the entropy conservation infers that the DM number density redshifts only adiabatically [7] . The strength of the elastic scattering can dominantly determine the relic abundance [10, 11] .
In this Letter, for the first time, we investigate how the semi-annihilating DM number density evolves when the elastic scattering is inefficient. We argue that as long as the DM self-interaction is efficient, the temperature redshifts inversely proportional to the scale factor, T χ ∝ 1/a, even after the freeze-out. We dub this novel temperature evolution as self-heating.
Self-heating DM reconciles apparent failures of cold dark matter (CDM), which is represented by the aforementioned thermal WIMP, to reproduce the subgalactic scale structure of the Universe [12] .
2 For example, CDM 1 In the WIMP case, the elastic scattering always accompanies the pair-annihilation due to the crossing symmetry. appears to overpredict the number of subgalactic halos, which is known as the missing satellite problem [16, 17] . Warm dark matter (WDM) with keV-scale DM mass has been intensively investigated as a possible solution [18, 19] . In the self-heating scenario, the relatively high temperature suppresses the formation of the subgalactic-scale structure like keV-scale WDM but with GeV-scale DM mass. Since a large self-scattering cross section is essential for a sufficiently long duration of the self-heating regime, self-heating DM is also a natural solution to the core-cusp problem. While the CDM predicts the steep density profile in inner halos [20, 21] , the self-scattering cross section as large as σ self /m χ ∼ 1 cm 2 /g flattens the inner density profile to be compatible with the observation [22, 23] . Freeze-out -We consider that a DM particle (χ) with mass m χ interacts with a light particle (φ) through semiannihilation as in Eq. (1). We assume that φ is in thermal equilibrium with the SM plasma, T φ = T , and also that the DM self-interaction is efficient during and after the freeze-out. On the other hand, we ignore other interactions including the pair-annihilation and the elastic scattering of DM with a SM particle. Figure 1 schematically describes our setup. One of theoretical setups realizing this hierarchy among the cross sections is a SIMP model assisted by an axion-like particle (ALP) [27] . In this model, the ALP is identified as φ, and the interaction strength of processes involving a larger number of φ's is suppressed by a larger power of the ALP decay constant.
In the above setup, the DM phase space distribution with the energy of E χ follows the Maxwell-Boltzmann one:
where
with K 2 being the second-order modified Bessel function of the second kind. For convenience, we introduce the DM yield, Y χ = n χ /s, problems [13] [14] [15] . 3 The constraints from galaxy clusters may favor a velocitydependent self-scattering cross section [24] [25] [26] .
in addition to
and g * is the effective number of relativistic degrees of freedom. From the Boltzmann equation of f χ , we derive the evolution equations of Y χ and x χ as
where x = m χ /T and σ
Tχ . The angle bracket subscripted with a temperature denotes the thermal average of χ. Hereafter, we set g * to be constant, specifically g * = 60 for numerical results. The dimensionless reaction rates, λ andλ, are given by
where ∆E = E φ − E χ Tχ and
) with m pl being the reduced Planck mass. 5 The cross sections of the forward and backward semi-annihilations are denoted by σ semi v rel and σ inv v rel , respectively. The angle bracket subscripted with two temperatures denotes the thermal average over the two initial particles: χχ for σ semi v rel and χφ for σ inv v rel . In addition, we define
We present the evolution of the DM yield in Fig. 2 , by following the co-evolution of Y χ and x χ numerically. Hereafter, numerical results assume that the semiannihilation invariant amplitude is constant, i.e., the swave semi-annihilation in the non-relativistic limit. We also show the evolution of the DM yield when T χ = T , i.e., when the elastic scattering of a DM particle with a SM particle is efficient. In both the cases, the DM yield follows its equilibrium value, Y χ Y eq χ (x χ )J (x χ , x), until x ∼ 20. Then, semi-annihilation freezes out, and the comoving number density is virtually conserved. There is a ∼ 30% difference in the DM yield between the two cases. The freeze-out process is delayed in the coevolution case since the equilibrium value (black dotted line) is enhanced by the increasing DM temperature.
In contrast to the DM number density, the DM temperature exhibits a unique behavior during and after the freeze-out. Figure 3 shows the evolution of T χ /T (= x/x χ ). The DM particles remain in kinetic equilibrium with φ's and thus with SM particles until the freeze-out. Semi-annihilation on its own suffices to equilibrate the DM and SM sectors kinetically as well as chemically. After the freeze-out, the DM temperature begins to deviate from the SM one. One may expect that the DM temperature adiabatically evolves as T χ ∝ 1/a 2 due to the expansion of the Universe. However, in fact, the temperature ratio increases for a duration of ∆x ∼ O(10). The increase in the DM temperature prompts the backward semi-annihilation process and slows the progress of the freeze-out, as we see in Fig. 2 . Eventually, the DM temperature scales as T χ ∝ 1/a like radiation.
The reason behind the unique evolution of the DM temperature is that semi-annihilation kinematically boosts the non-relativistic DM particles. The Lorentz factor that the DM particle achieves through semiannihilation is
As long as the DM particles self-interact with each other efficiently, the kinetic energy of the boosted DM particle is quickly redistributed over all the DM particles, which virtually heats DM. Thus the self-heating regime, T χ ∝ 1/a, lasts until the self-interaction freezes out. One can derive the behavior of the DM temperature after the freeze-out as follows. After the freeze-out, Eqs. and (4) are approximated as
where we neglect all the terms originating from the backward semi-annihilation process, and use the nonrelativistic expression of the variance of the DM energy, σ 2 E/mχ ≈ 3/(2x 2 χ ). Assuming the s-wave semiannihilation, i.e., constant λ, one can analytically solve the evolution equation of the DM yield and find its asymptotic value as
where x fo = m χ /T fo with T fo being the freeze-out temperature. 6 In addition, as one can see from Eqs. (5) and (6),λ is approximated as
in the non-relativistic limit. Using these expressions, one finds the evolution equation of the DM temperature as 5 ), while the solid line is the analytic estimation given in Eq. (15) . Since (Tχ/T ) asy is inversely proportional to the freeze-out temperature, it increases logarithmically as the cross section increases.
Here, the first term on the right hand side represents the adiabatic cooling due to the expansion of the Universe, while the second term represents the heating through semi-annihilation.
Just after the freeze-out, the heating through semiannihilation dominates the adiabatic cooling, and thus T χ /T increases. As the DM yield approaches its asymptotic value Y χ, ∞ , the cooling and the heating balance with each other and T χ /T becomes constant. We find the asymptotic value of T χ /T as
which is depicted with the dashed line in Fig. 3 . This expression indicates that the asymptotic temperature ratio is inversely proportional to the freeze-out temperature. Since the freeze-out temperature logarithmically depends on the semi-annihilation cross section, the temperature ratio should also do so. In Fig. 4 , we show the numerically obtained value of T χ /T at x = 10 5 as a function of the cross section in the non-relativistic limit. As expected, the analytic estimation given in Eq. (15) agrees with the numerical result.
Impacts on structure formation -The self-heating regime lasts until the self-interaction freezes out when the temperature of the Universe becomes
After the freeze-out of the self-interaction, the energy of the boosted DM particles cannot be efficiently transferred to the others. The boosted DM particles start to freely stream at the speed of light; i.e., they behave as a hot component of DM. On the other hand, the fraction of such boosted DM particles is as tiny as
where t now and t self denote the cosmic time at present and at the freeze-out of the self-interaction, respectively. The impacts of the boosted DM particles on the structure formation are thus negligible. Meanwhile, the majority of the DM particles follow the Maxwell-Boltzmann distribution with the DM temperature being adiabatically cooled, T χ ∝ 1/a 2 , and behave as a warm component of DM.
Such warmness of DM leaves a cutoff in the resultant matter power spectrum. One way to estimate the cutoff scale is to compute the Jeans scale at the matterradiation equality [29] . 7 In the self-heating DM scenario, we find
In the thermal WDM model,
with m wdm being the thermal WDM mass [29] . It follows that the semiannihilating GeV-scale DM suppresses the subgalacticscale structure formation like keV-scale WDM.
The suppression of the subgalactic-scale structure formation is constrained by measurements of the Lyman-α forest. The thermal WDM mass is constrained as m wdm ≥ 5.3 keV at the 2σ level [30, 31] . By comparing the above cutoff scales estimated by k J , we could translate the constraint on m wdm to m χ and T self as
Here we introduce α 3 so that the two models exhibit the same cutoff in the numerically calculated linear matter power spectrum [28] . From Eqs. (16) and (18), one can see that the suppression of the subgalactic-scale structure formation is interrelated with the large self-scattering cross section flattening the DM density profile in inner halos. Thus self-heating DM solves the missing satellite problem and the core-cusp problem in one stroke. This also provides an intriguing future prospect. A larger number of kinematically resolved dwarf galaxies will pin down the self-interaction strength [32] . One can examine whether it is interrelated with the self-heating regime of DM by probing the smaller-scale structure of the Universe through the 21 cm-line fluctuations due to minihalos [33] and the flux ratios in strong gravitational lenses [34] .
Implications for particle physics model building -We studied an unexplored region of the semi-annihilating DM, where the DM interactions are hierarchical as depicted in Fig. 1 . They arise from different interaction terms in a Lagrangian and thus are independent in general, e.g., see a simple Z 3 model [6] and an extension of the SIMP model with an ALP [27] . We expect that the self-heating regime takes place even if semi-annihilation exists but does not dominate the DM freeze-out. The heating through semi-annihilation compensates the adiabatic cooling by the expansion of the Universe and leads to constant T χ /T after the usual kinetic decoupling.
While we leave a concrete particle physics realization of self-heating DM for future work [28] , the cosmological and astrophysical implications of φ are worth mentioning. The energetic φ's are continuously produced by semi-annihilation even after the freeze-out. Subsequent decay of produced φ into SM particles is subject to indirect detection searches. The constraint on semiannihilating DM mass is similar to that of the WIMP: m χ > 10-100 GeV, depending on the decay products (see Refs. [1, 2] and references therein). Consequently, in the setup of Ref. [27] , the large self-scattering cross section cannot be achieved within the bound, unless m φ and m χ are degenerate. On the other hand, if φ is accommodated in a hidden sector and is thermalized with dark radiation, the indirect detection constraint is evaded. In such a case, T φ follows the hidden sector temperature, T d , and one needs to take account of T d = T and take care of the dark radiation contribution to the effective number of neutrino species, which is constrained as ∆N eff < 0.6 (2σ) [35] .
